groups was noted for the active length-tension curve.
The resting length-tension curves showed that muscles from the older rats had significantly greater resting tension at lengths greater than 115 y. of
Lo. Lo was defined as the shortest length with a resting tension above zero. The duration of contraction, time-to-peak tension, and relaxation time at maximum isometric tension were prolonged in muscles from the older group.
Stress relaxation was studied using other trabeculae from rats of similar ages. Resting tension was found to decline linearly with the log of time from 0.3 to 240 set after a rapid stretch. Less stress relaxation was exhibited by muscles from 25-to 29-month-old male rats than 1 l-to 12-month-old rats. This age-associated alteration in stress relaxation accounts in part for the age-associated changes in the resting length-tension curve.
aging; myocardial mechanics; length-tension curve; stress relaxation; compliance AK AGE-ASSOCIATED DECREMENT in the performance of hearts from male rats was shown by Shreiner, Weisfeldt, and Shock (17) . Studies examining oxygen delivery as a possible mechanism of this age-associated change demonstrated no decline in the ability of the heart to extract oxygen from its perfusate. Total coronary flow per heart did not decrease during the 2nd year of life (24), but associated with mild hypertrophy (7.6 % increase in heart weight) coronary flow per gram heart weight did decline during the 2nd year of life. Microscopic examination of the hearts confirmed the observations of Simms and Berg (18) that there is an increase in connective tissue in the heart of the old male rat, parti cularly in the subendocardial muscle. It seen led reason .able to speculate that this appearance of connective tissue would have a significant effect on the resting and active mechanical properties of heart muscle and might account at least in part for the changes in myocardial performance.
In the present study the resting properties of trabeculae carneae from mature adult and aged male rats were compared in terms of the length-tension curve and the magnitude of stress relaxa taking place i tion. Stress rel n the course .axa of tion time is a decrease in under cond itio stress 11s of constant strain (8). The magnitude of this time-dependent change in muscle tension after a change in muscle length is a major determinant of the steady-state length-tension properties of muscle (3, 7). An age-associated change in stress relaxation of resting muscle in the direction of less decline in tension following an increase in muscle length would result in a steeper resting length-tension curve. The active properties of the trabeculae were evaluated in terms of the active length-tension curve and the time course of contraction.
A preliminary report of these data has been presented (23).
METHODS
Left ventricular trabeculae carneae were obtained from male Wistar rats, born and maintained in the Gerontology Research Center aging colony (17). Under ether anesthesia the left ventricle was slit and laid flat. The trabecula was localized by its juxtaposition to the posterior papillary muscle ( Fig. 1) and sharply dissected free. The muscle was suspended between specially designed nylon clamps (Fig. 2) . The inner aspects of the clamps were roughened to avoid slippage. Muscles were examined at the end of the experiment for evidence of laceration by the clamp. After mounting of the muscle the water-jacketed bath was rapidly filled with 480 ml of Krebs-Ringer bicarbonate (24) solution containing glucose (final concentration 300 mg/ 100 ml). A gas mixture containing 95 % 02 and 5 % CO2 was bubbled continuously through the bathing fluid. Ternperature was maintained between 36.8 and 37.2 C with a Haake water bath and circulator.
Length and Tension Recordings
The lower clamp was fixed to the bottom of the bath and the upper clamp screwed firmly into a Grass model FT 03C force transducer.
A Honeywell 105 amplifier, 108 coupler, and 1508 Visicorder were employed in recording resting and isometric developed tension. The output of the transducer was linear over the range of tension and the displacement of the transducer was .05 mm/ 10 g tension. All tension recordings were corrected for the buoyancy effect of the bathing fluid from tension readings with zero load at specific length settings with the bath filled. The entire transducer was housed in a gear-mounted frame (I, Fig. 2 mounted below the movable frame. An external lever (H, Fig. 2 ) was attached to the gear mechanism.
Rapid muscle stretches were accomplished by release of the frame after attachment of a spring to the lever. A movable stop allowed variation in the length of rapid stretch. The stretch was completed in < 100 msec. Muscles were stimulated at a rate of S/min with a Grass (model S5B) stimulator through platinum electrodes. The stimulus voltage was lo-20 % above threshold (generally 80 v) and duration 4.0 msec. Stable performance was noted under these conditions for periods greater than 4 hr.
Experimental Procedure
In experiments measuring the active and passive lengthtension curves, a resting tension of 1.0 g was maintained for
WEISFELDT, LOEVEN, ,4ND SHOCK 45 min after the muscle was mounted. The length of the muscle was then decreased until the resting tension was slightly below zero. The length was increased at a rate of 5 % every 90 set until the tension remained slightly above zero. This length was taken as Lo. The Lo of the trabeculae used varied from 5.0 to 13.0 mm. The muscle length was then increased at a rate of 5 % of Lo every 4 min to 140 % of Lo. Resting and active tensions were recorded at the end of 4 min at each length. Recordings of peak developed tension were made at a paper speed of 100 mm/set.
Zero was checked immediately after release of the muscle from the lower clamp. The muscle was then dried for 48 hr at 110 C. The cross-sectional area was calculated from the dry weight and Lo, assuming that the water content is 77 % and the density 1.063 (17) and that the muscle is a cylinder.
Crosssectional area varied from .73 to 1.6 mm2. This is the maximal cross-sectional area of the muscle during the experiment since Lo is the shortest muscle length. Time-to-peak tension was measured from the time of the stimulus artifact to maximal developed tension. Relaxation time was defined as the time from the point at which developed tension had fallen to 90 % of the peak tension to the return of tension to resting level. Relaxation time was not measured from the maximal tension in order to limit the possibility that age differences in factors affecting the plateau portion of the tension curve would be reflected in the index of relaxation used.
In experiments comparing stress relaxation, all muscles were maintained at 1.75 g for 1 hr. Muscles were stretched from Lo to the length of the muscle at the end of the 1-hr equilibration period. The stretch was repeated 3 times with 4 min at Lo between each stretch. Tension (Fig. 3 ) was recorded for 4 min. The average values obtained from the second and third run (stretch) were used in the subsequent computations except in two experiments in which only the second run was obtained.
Values for run 3 were 1.5 f 1.2 % and 1.9 f .6% lower than run 2at 0.3 and 240 set after stretch, respectively. The differences are not statistically significant. Run 1 was not used because of variations in the time needed to determine Lo. Lo was established as previously described. The first tension value routinely obtainable was 0.3 set after the completion of the stretch. Spontaneous contractions, present immediately following the stretch in most runs, did not allow estimates of earlier values. Seven of the 10 trabeculae from 1 I-to 12-month-old rats were also stretched 18.0% of Lo. In one muscle this was done prior to the usual runs and in six after.
The line of best fit for each experiment between 0.3 and 240 set after stretch was computed using the method of least squares with log time on the abscissa and resting tension on the ordinate for 19 points along the curve (Fig.  3) . When spontaneous contractions occurred the resting tension between beats was used. When a value was needed at a time point during a contraction, the resting tension before and after the contraction were joined with a smooth curve. Rarely values were not obtainable due to incomplete relaxation between beats. From the equation for the least-squares best fit, the fall in tension between 0.3 and 240 set was obtained and the percent decline computed.
Stress relaxation
was not noted when a fine wire or light- weight spring was substituted for the muscle and stretched to similar tensions.
Hydroxyproline Determination
After dissection the heart was rinsed with distilled water and stored at -20 C until analyzed.
Since the collagen content of the heart is based on the dry weight of the organ, the collected heart specimens were thawed, the atria were removed, and the remaining parts defatted and dried in acetone for 2 days with several changes of the acetone. The specimens were placed in a vacuum desiccator for final drying.
The subendocardial samples were taken from each heart for the determination of the hydroxyproline content. The first sample was located on both sides and beneath the site of the trabecula carnea. The second sample of subendocardial tissue was taken from a corresponding site on the free wall of the left ventricle.
The added, the vials were sealed and the tissue samples incubated for 3 hr at 140 C. After neutralizing the acid, the volume of the hydrolysate was brought to 5 ml and two portions of 2 ml each taken for analysis of hydroxyproline according to the method of Neuman and Logan (11) as modified by Martin and Axelrod (10). The concentration of hydroxyproline was expressed in percent dry weight of the tissue.
The Student t test was used for statistical analysis of group differences.
The f is to be taken as the standard error of the mean except as indicated.
RESULTS

Passive Properties
Resting length-tension curves. Trabeculae carneae from 11 rats age 11-13 months and 11 rats age 26-31 months (average age 28.0 months) were used for determination of resting length-tension curves (Fig. 4) . Four minutes were allowed at each length for stress relaxation.
The tension was then recorded for 1 min. No change in resting tension was noted between 4 and 5 min after the length change to 130% Lo in the older rats and to 140 % Lo in the younger rats. At 135 and 140 % Lo in the older rats no greater than a 4 % decline was noted during the final minute. All muscles were paced at a rate of 3 beats/min.
In muscles from four younger and four older rats significant spontaneous activity was evident during the experiment.
Resting length-tension curves from these hearts did not differ from the remainder of their group Trabeculae from ten-1 l-to 1 Z-month-old and ten 25-to 29-month-old rats (average age 26.3 months) with average cross-sectional areas of 1.2 1 + .06 and 1.28 =t .07 mrn2, respectively, were stretched rapidly from Lo to the length of the muscle at the end of I hr at 1.75 g tension.
This method allowed comparison of the magnitude of stress relaxation in groups of old and young muscles, mean tensions with which at the end of 4 min after stretch were not significantly different.
In the majority of experiments spontaneous contractions were evident during the l&cc period following stretch. In five experirnents runs with and without spontaneous activity were recorded. (All muscles were beating at 3 beats/min.) The average of values from runs with and without spontaneous activity in these five experiments are shown in Fig. 6 along with the least-squares line of best fit for each group. The group means do not differ by greater than 3 % at any time plotted. In the five runs without spontaneous activity and in other runs without early spontaneous activity (Fig. 3) , a steeper component of the stress relaxation curve was noted between the end of the stretch and .15-set post stretch. During this early period a linear relationship was present between log tension and time. This initial steeper slope did not appear if the muscle was stretched more slowly (over a 2-to 3-set period).
The upper two curves in Fig. 7 show the decline in tension from 0.3-set poststretch to 24-O-set poststretch in the 1 lto 12-month and 25-to 29-month-old rats. The values are plotted as a function of log time. The length stretched was 24.5 & .5 % Lo in the young group and 19.3 =t 9 % Lo in the old (P < .OOl). T o result in the same mean tension 240-set poststretch, the muscle from the younger rat had to be stretched to a greater extent. This stretch was at least in part greater because of the greater decline in tension between 0.3 and 240 set, i.e., greater stress relaxation. The average decline for each age group expressed as a percent of the tension at 0.3 set is seen in Fig. 8 for the 25-to 29-month group). When the decline was expressed as a percent of the tension at 240 set, the values were 66.5 =k 3.5 and 49.4 + 4.6, respectively (also statistically significantly different (P < .Ol)). Since the two groups were stretched different lengths, seven of the trabeculae from the young rats were also stretched 18 % of Lo (approximately the same as the average for trabeculae from the older rats). The lowest plot in Fig. 7 is the mean tension for seven trabeculae from the 1 l-to 12-month-old animals stretched 18 % of Lo. As seen in Fig. 8 (right) , the percent decline in these seven hearts stretched 18 % Lo did not differ from the percent decline when these hearts were stretched an average of 24.5 =t .7 % Lo. Thus, within this span of length stretches (18-25 % Lo) the percent decline appears to be independent of the length stretched and the tension at 0.3 sec. length at higher muscle lengths. Tensions were calculated per unit cross-sectional area. There was no significant difference in the maximum isometric tension. At the lower lengths (100-l 20 % Lo) the tension developed by the trabeculae from the older group was consistently higher than the younger, although at no point were the means statistically significantly different.
The average length at which maximum developed tension occurred was the same. In both groups two trabeculae developed maximum tension at 30 % Lo, four at 35 % Lo, and one at 40 % Lo.
Time course of isometric contraction. The time course of contraction was examined at peak developed tension under isometric conditions in 10 trabeculae carneae from 1 l-to 1 Z-month-old rats and 26-to 3 l-month-old rats. The total duration of contraction and time-to-peak isometric tension were greater in the trabeculae from the older rats (Table 1) . Also, the relaxation time measured at the time from 90 % of the peak tension to the resting tension level was prolonged in the older group.
WEISFELDT, LOEVEN, AND SHOCK Enhcardial /ydroxyproline content. The hydroxyprolinc content of the subendocardial muscle surrounding 19 of the trabeculac used in the studies of the length-tension curve was determined.
The results are listed in Table  2 . The subendocardial muscle of the opposite side of the ventricle was also sampled in each heart. There was significantly greater hydroxyprolinc content in the muscle from the older rats. The mean values for the adjacent and opposite samples did not differ significantly.
DISCUSSION
An age-associated change in the diastolic or resting length-tension curve of trabeculae carneae from aging male rats has been demonstrated in the present study. At least part of this change is attributable to an age-associated decrease in stress relaxation, that is, a change in the propcrtics of the viscous component of resting cardiac muscle (3, 7).
In these studies Lo was defined as the shortest length at which a distinct tension above zero could be recorded for 90 sec. This is similar to the method of Gay and Johnson (5). Determination of Lo was repeatable with 5 %. It should be noted that this value was obtained from the insensitive portion of the resting length-tension curve. The alternative method is to use the length at which developed tension is maximal as the reference length (2 1). This method seems no more sensitive since it involves a determination on the relatively flat portion of the active length-tension curve. It was not employed since this method required stretching the muscle onto the descending portion of the active lengthtension curve before any passive properties of the muscles could be determined.
At maximum developed tension in the present study there was a significant difference (P < . 02) in resting tension when the data were recalculated in this manner for the seven experiments in each group. Muscles in this study were paced at a rate of 3 beats/min to avoid the effects on diastolic compliance of prolonged periods without contraction (20) and to evaluate properties of tension development.
The Lo and length-tension curves of the older rats do not appear to be displaced relative to the younger rats. The maximum developed tension occurred at the same average length in the two groups. A small shift of this type is suggested by the differences (although not statistically significant) between the two groups in the initial portion of the active length-tension curve. The order of magnitude suggested is not more than 2 % of Lo and would not explain the majority of the change in the resting length-tension curve.
I-Qsteresis was quite apparent in muscles stretched in the usual manner and then returned to the initial tension. Similar hysteresis has been noted in isolated skeletal muscle fibers (14). The greater hysteresis in the muscles from the older rats is likely the result of greater stress relaxation associ ated with the markedly higher resting tensions in the older group at the 1 onger muscle leng ths. Th .is is reflected in the small changes in resting tension noted 4-5 min after length changes at greater than 130 % Lo in the muscles from older rats. Although the percent decline in tension associated with stress relaxation may be less in the older group, the absolute amount of relaxation would be greater as a result of the nearly double resting tension in the older group at the higher muscle lengths. If muscles from old and young rats were compared only on the descending limb of the hysteresis loop, no significant age differences would likely be present. Perhaps this would explain the negative results reported briefly by Alpert, Gale, and Taylor (2) . The resting length-tension curve is the resultant of the compliance and stress relaxation properties of the muscle at the point in time that each value is recorded.
On the descending limb of the hysteresis loop sufficient stress relaxation has taken place to obscure compliance differences. On the ascending portion of the loop compliance differences are apparent because of relatively less stress relaxation.
At shorter muscle lengths the age differences in stress relaxation play a direct role in the age change in the length-tension curve. At higher muscle lengths the amount of stress relaxation is likely greater in the older group but not sufficient to obscure the age difference in compliance. Stress relaxation has been noted in many tissues and has been described as following a linear relation with log of time in certain types of rubber (22), homogeneous high molecular weight polymers (polyisobutylenes) (22), smooth muscle (15, 25) , and amphibian skeletal muscle (3). Human and horse tendon stress relaxation follows a linear relation with log time between about 1.1 and 500 set after a stretch lasting 5 set (1). Such a relationship has not previously been described for mammalian cardiac muscle, although stress relaxation curves for amphibian cardiac muscle have been recorded by Lundin (9). Lundin states that the stress relaxation curve can be resolved into an unstated number of components plotted as log tension vs. time. In the present studies, during the first 100-500 msec after rapid stretch, a more steeply falling tension was noted (Fig. 3) in runs without early spontaneous activity. When recorded at rapid speed this early portion had a steeper fall than the tension-log time plot for the run and was linear when log tension was plotted against time. The duration of this early log tension component is similar to the early log tension component noted by Lundin (9). The work of D. K. Hill (6) provides evidence that in skeletal muscle this early portion of the curve is a product of interaction or resistance to stretch of the contractile element. If trabeculae carneae under the present conditions were more slowly stretched (over l-2 set), no such initial rapid fall in tension was noted. The curves obtained with slower stretch declined in linear proportion to log time after a brief plateau similar to the curves of Zatzman et al. (25) for arterial wall.
The presence or absence of spontaneous contractions did not significantly influence the magnitude of stress relaxation observed (Fig. 6 ). This is of some interest in terms of the mechanism of the age changes in stress relaxation. Diastolic compliance is felt by some (4, 7, 13) to be the net result of the passive properties of both the noncontractile and the contractile portions of heart muscle. Feigl (4) Alpert, Gale, and Taylor (2) . In the present study, relaxation has been shown to be prolonged in the trabeculae from the older rats. Again the specific factors controlling the rate of relaxation are unknown (12). The age-associated change in time-to-peak tension suggests that there arc age changes in the duration of the active state (19).
The present study demonstrates significant age-associated changes in the intrinsic mechanical properties of heart muscle from male rats. The goal of the present study was to examine these properties and the direction of any ageassociated differences.
It was suggested that changes in these properties might well explain, at least in part, the performance changes noted in studies of the intact aging heart (17, 24 
